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Interactions between molecules during a collision induce transient dipoles.

The interactions break the symmetry of non-dipolar species. The induced
dipoles change as the molecules rotate and vibrate, leading to collision-

induced absorption in the infrared and far infrared.

https://www1.eere.energy.gov/hydrogenandfuelcells/tech_validation/pdfs/fcm01r0.pdf



Collision-induced absorption has been extensively studied experimentally at
and below room temperature, in samples of hydrogen, nitrogen, methane,
and other molecules.

Information on collision-induced dipoles is needed for astrophysical
applications.

« Anomalous radiative profile of very old, very cool white dwarf stars.
* Formation of the first stars in the universe?
« Temperature profiles of the outer planets and exoplanets.
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How did the first stars form? Sta’r‘fbrmation is"believed to occyr in cool, dense regions -
of molecularshydrogen. As a primordial gas cloud contracts under gravity, it heats up.

A coollng mechanism is needed to permit the gas cloud to continue to contract.
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When H,, H HD, and He are m.thelr ground electrbnlc stajes vibrational -
or rotational transitions are necessary to cpol the gas further, to pem*ﬁt star :
formation. The predlcted size of the Population IILstars depends on the
efflc:lency of. coollng Size estlmates range from Mg to 1000 M. \ :
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Jupiter captured by Hubble in the visible spectrum (left) and
by the JWST in the infrared (right). Hubble, NASA, ESA,
Jupiter ERS team, image processing by Judy Schmidt




Collision-induced absorption by H, gas near room temperature
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Figure 2. Collision-induced absorption by pairs of H, molecules in the

rotational band of H, in hydrogen gas at room temperature. Calculation:
solid trace. Measurements: dots®” and circles.*®
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Figure 3. Collision-induced absorption by pairs of H, molecules in the
fundamental band of H, in hydrogen gas at room temperature.
Calculation: solid (smooth) trace. Measurements: dots,*”*" circles,*!
squares,” red trace (slightly noisy).*
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Figure 4. Collision-induced absorption by pairs of H, molecules in the

first overtone band of H, at room temperature in hydrogen gas.
Calculation: solid trace. Measurements: open squares,” dots,* circles.**
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Figure S. Collision-induced absorption by pairs of H, molecules in the
second overtone band of H, at room temperature in hydrogen gas.
Calculation (solid line). Measurement: circles.*

Comparison of
experimental and
calculated spectra

Figure 2: Rotational band

Figure 3: Fundamental
vibrational band

Figure 4. First vibrational
overtone

Figure 5: Second vibrational
overtone

From: Martin Abel, Lothar
Frommhold, Xiaoping Li, and
Katharine L. C. Hunt, J. Phys.
Chem. A 115, 6805 (2011).



Collision-induced absorption by H, gas at lower temperatures
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distinguishable H nuclei
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Anisotropic potential,
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nuclei

T. Karman, A. van der Avoird, and G. C. Groenenboom, J. Chem. Phys. 142, 084305 (2015).




A case with no experiments! Collision-induced dipole of H; «--H

Comparison with previous calculations:
RWP: R. W. Patch, J. Chem. Phys. 59, 6468 (1973).
GFM: M. Gustafsson, L. Frommhold, and W. Meyer, J. Chem. Phys. 118, 1667 (2003).

Work Method Basis # of 6 #ofr # of R
% 4, from 1 to
RWP Full ClI Three 1s 6 1 401446 a.u. Ao
MCSCF + CEPA : 4 (0°to 90°in 5(1.111 to 11, from 3 to
Sl NihScEP ™ [ SRR 0o hiorvals) | 1.787 au.) 1au.
165 19 (0°t0 90°in | 9 (0.942 a.u. 16, from 3
Bl < Bl L functions 5° intervals) to 2.801 a.u.) | to 10 a.u.
H.-K. Lee, X. Li, E. Miliordos, and K. L. C. Hunt, J. Chem. Phys. 150, 204307 (2019).




Finite field methods with 6 fields, base strength f,
Strengths {f, — f, 212 f, — 212 f 3V2f — 312}
Total of 43, 000 ab initio calculations
aug-cc-pV5Z, aug-cc-pVeZ & d-aug-cc-pV5SZ basis sets

103 | uy | (a.u.),
r=2.125 a.u.

103 p, (a.u.),
r=1.449 a.u.

H.-K. Lee, X. Li, E. Miliordos, and K. L. C. Hunt, J. Chem. Phys. 150, 204307 (2019).
Figure by Lee et al., in: Adam Liebendorfer; Scilight 2019, 220002 (2019).
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Dipole moments in the y and z directions, as a function of the angle 6
between the H, bond axis and the intermolecular vector. Results from 0° to
90° from ab initio calculations, remainder obtained by symmetry arguments

H.-K. Lee, X. Li, E. Miliordos, and K. L. C. Hunt, J. Chem. Phys. 150, 204307 (2019



Spherical Tensor Analysis of the Dipole

uM(r, R, 8) = 4n/32 2 D, (, R)Y{ ALMM=m|1M) Y,"6, ¢)Y MmO, 0)
A, L, m

Correspondence with Cartesian tensor elements
p(r, R, 0) = (1, R, 6)
pi(r, R, 0) = — (172)V2 [ (r, R, 0) + i py(r, R, 0) ]
pi(n R, 0) = (1/12)"2 [ p(r, R, 8) =i py(r, R, 6) ]

Advantages: This illuminates the physical mechanisms that contribute to the
dipole. This form is also very useful in spectroscopic line shape calculations.



Physical mechanisms of dipole induction for H, - - - H

The leading long-range contribution comes from the quadrupole-induced dipole
This contribution varies as R in the separation of H, and H
It shows up in the spherical tensor expansion coefficient Do,

Hexadecapolar induction is also apparent in the ab initio results
This contribution varies as R in the separation of H, and H
It shows up in the spherical tensor expansion coefficient D 5

Dispersion and back-induction are also apparent in the ab initio results
These contributions vary as R’ in the separation of H, and H
They are evident in Dy,. They are present in other coefficients, but harder to
detect there

D,, and D,; have no long-range classical counterparts, but they contribute
significantly at shorter range



Results for Spherical Tensor Components

uM(r, R, 0) =4x/3"2 X2 D, (rrR){ ALmM-m|1 M) Y,™0, ¢) Y MmO, 0)
A, L,m

N~
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(a.u.) -12500 A~
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Results for the leading expansion coefficients. The largest coefficients are Dy, and
D,;. As the separation R decreases, D,4, D43, and D,5 grow in relative magnitude.

H.-K. Lee, X. Li, E. Miliordos, and K. L. C. Hunt, J. Chem. Phys. 150, 204307 (2019).



Dependence of Spherical Tensor Components on Bond Length

uM(r, R, 8) = 4n/3"2 2 D, (r,R){ ALMM—-m|1M) Y,m(®, ¢) Y,M"(0, 0)
A, L, m

7 8

H,-H distance (a.u.) H,-H distance (a.u.)

The largest coefficients are Dy, and D,;. As the bond length increases, D,4, D3,
and D,s grow in relative magnitude

H.-K. Lee, X. Li, E. Miliordos, and K. L. C. Hunt, J. Chem. Phys. 150, 204307 (2019).



Comparison with Known Long-Range Forms

uM(r, R, 8) = 4r/3"2 2 D, (rR){ ALmM—-m|1M) Y,™0, ¢) Y MmO, 0)
A, L,m

Largest coefficients: Dy, and D,5. Asr increases, D,4, D,3, and D,s grow.

D23: 312 ola ®B R4

8 9 10
H,-H distance (a.u. H,—-H distance (a.u.)

H.-K. Lee, X. Li, E. Miliordos, and K. L. C. Hunt, J. Chem. Phys. 150, 204307 (2019).



Dispersion dipoles of unlike pairs A and B

o Wysp=— OAEisp/OF | £ s

e Spontaneous, quantum mechanical fluctuations in the charge density of
molecule A set up a nonuniform local field at B.

FA(®) = TA(R) « pAq(o) + (1/3) TB(R) : 044(m) + . . .
FA®)=-TO(R) « pAg(w) + . . .

e The local field induces charge moments in B, as determined by the field-
dependent susceptibilities of B and the nonuniformity of the local field.

Reaction field theory for AE, 4y
B. Linder, Adv. Chem. Phys. 12, 225 (1967).
D. Langbein, Theory of van der Waals Attraction (Springer, New York, 1974) Chapter 3.

Theory of the dispersion dipole:
K. L. C. Hunt and J. E. Bohr, J. Chem. Phys. 83, 5198 (1985).



The Induced dipole is [
1B, 4(®) = aB(F, ®) - FA(®) + (1/3) AB(F, ) : F'A(®) + (1/w) G'8(F, ®) - BA(®) + ...

The induced polarization in B gives rise to a nonuniform local field at A, the
reaction field:

FB(w) = TA(R) « B g(®) — (1/3) TO(R) : 68, 4(®) + . . .

FB(w) = TO(R) « pBipg(@) +. ..

The resulting change in the energy of molecule A is the average of the
iInstantaneous energy shift over fluctuating charge distribution of A.

AE = 2 (L)~ PO SRR (1) - F/°(t) ) + . .-

The field and field gradients from B result from the spontaneously fluctuating
multipoles of A. Their correlations are given by the fluctuation-dissipation
theorem, applied to A in the field F.



From the fluctuation-dissipation theorem of H. B. Callen and T. Welton, Phys.
Rev. 83, 34 (1951), modified for static-field effects,

(1/2) { Ha(®) pp(@) + pg(®') Ho(®) )E
= (h/2m) o " ,p(®; F) 8(w + ®") coth(hw/2KT)

(1/2) { po(®) B, (00") + B, (1, @) (@) )F
= (h/2m) A" o5, (r, ', @; F) (o + ®') coth(hw/2KT)
The effects of a spontaneous fluctuation in the charge density of B are added.
The net energy change is given in terms of an integral over all real frequencies.

The real parts of the susceptibilities are even in the frequency, and the imaginary
parts are odd. This permits us to write the energy change as the integral over

an analytic function of m.



e The susceptibilities are analytic in the upper half plane, to ensure causality.
Therefore, the only poles in the upper half plane come from the function
coth(hw/2kT). They are located along the imaginary axis at o, = 2xi nkT/h.

Complex o plane




Typically, the poles along the imaginary axis are sufficiently close together
that the sum over the poles can be converted to an integral over imaginary
frequencies.

Then expand the susceptibilities in the field F, to obtain the answer

Result for the dispersion dipole of atoms or centrosymmetric molecules:

P8 = (A/3m) [ “do T@(R) aBy (i) TO,5,(R) A, 5,(0, i)
E T(Z)aB(R) BBB(I),yS(O! i) TO) ySS(R) oAy (i)
aaﬁ(iw)
Bog5(0, i)
T@ 4(R) =V, V, (1/R)

T®,.(R) =V, V, V. (1/R)



Specializing to the dipole for two atoms at long range

0 0]

18 = (9hR7/x) | [ aA(iw) BE(0,im) — oB(iw) BA(0,iw0) ] dew

BX(0,im) denotes the dipole-dipole-quadrupole hyperpolarizability of atom X
aoX(im) denotes the polarizability of atom X

If u,"B is positive, the polarity of the dispersion dipole is A*B-

Each atom is hyperpolarized by the fluctuating charge distribution of the
neighboring atom, and the applied field

The applied field alters spontaneous quantum fluctuations of the atomic
charge densities

L. Galatry and T. Gharbi, Chem. Phys. Lett. 75, 427 (1980).
K. L. C. Hunt and J. E. Bohr, J. Chem. Phys. 83, 5198 (1985).



The Dispersion Dipole in ab initio Quantum Calculations for Hy -'- - H

uM(r, R, 8) = 4n/3"2 2 D, (r, R)(ALmM—-m |1 M)Y,™®, ¢) Y MmO, 0)
A, L,m
D, converges to the known long-range form!

; Dispersion plus back induction, aug-cc-
Do = (R/m) R 7y [0i) Bo°(0. i) pV5Z basis with correction for basis-set
— 0pB(i) BA(O, im)] dw _
extension errors (BSSE)

+ (6/5) [aB,zz(r) - OLB,xx(r)] aa ®B(r) R-7

Long-range analytical form: Bohr & Hunt (1987)
Values of the susceptibilities: Bishop & Pipin (1992)
Ab initio results: H.-K. Lee, X. Li, E. Miliordos, and
K. L. C. Hunt, J. Chem. Phys. 150, 204307 (2019).
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D. Veréchatse : '-:;- '. NASA, ESA, and H. Richter, UnlverS|ty of British Columbia
Annlhue Observatony STSc1-PRC07-42




Astrophysical evidence for collision-induced absorption

Photometry
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Tag = 3,850 K

Observations of the cool white dwarf
WD0346+246, with the Jacobus
Kapteyn Optical Telescope, the UK
Infrared Telescope, and the NIRC
instrument (at the W. M. Keck |
Observatory in Hawaii)

Estimated age: 12 billion years

Opacity due to collision induced
absorption by H>-H, and H,-He
increases by about 2 orders of

magnitude in the range 1-2 um.

Ratios of H, to He can be determined
by detailed study of the IR spectrum.

S. T. Hodgkin, B. R. Oppenheimer, N. C. Hambly, R. F. Jameson, S. J. Smartt and I. A. Steele,

Nature 403, 57 (2000).



H, - - - Hy,: Comparison of our results with AUTOSUREF results

Comparison of Hunt group results (dots)
with AUTOSUREF calculations by

E. Quintas-Sanchez and R. Dawes
aug-cc-pV5Z, CCSD(T)—Hunt group
CCSD(T)-F12b/VQZ-F12—Dawes group

1: 01=15° 02 = 30°, ¢ = 60°
: 91=45° 02 =60°, ¢ = 30°

: 91=30°, 02 = 45°, ¢ = 60°
: 91=15°, 02 = 45°, ¢ = 30°
: 91=30°, 02 = 60°, ¢ = 45°
: 91=30°, 02 =75°, ¢ = 60°
: 91 =15°, 02 =60°, ¢ = 30°
: 01=15°,02=75°, ¢ = 30°

Anirban Mandal, 4% 288

o )"{
7
Ernesto Quintas

L. Sanchez

6 7 8 9

B
R (intermolecular distance, in a.u.) S/

Dawes Group,

. s A Missouri Universit
X. Li, A. Mandal, H.-K. Lee, E. Quintas-Sanchez, Evangelos IR oooun niversty

Miliordos, R. Dawes, and K. L. C. Hunt, to be published. U GroUR MY Technology



H,-H,: Comparison of our most recent work with previous calculations

New work: aug-cc-pV5Z basis, 320 (248) basis functions; spot-checked with aug-cc-PV6Z work
MFB/MBF/FZB: 62 basis functions

New work: Total of 27 (17) relative orientations, most with non-zero uy and p,
MFB/MBF: 18 relative orientations, 9 non-redundant dipole components
FZB: 13 relative orientations

New and old work: Bond lengths r = 0.942, 1.111, 1.280, 1.449, 1.618, - L
1.787, 2.125, 2.463, 2.801 a.u., combined for 45 (36) pairs of bond lengths,
MFB/MBF: 4 pairs of bond lengths Nathan Jansen
FZB: 10 pairs of bond lengths

New work: 24 (15) separations between the molecular centers of mass, from 3.4 a.u. to 10.0 a.u.
MBF: 9 separations

Method: Production runs with CCSD(T), but checked against CCSD(T)-F12 and full ClI
This work: 6 field strengths to determine the collision-induced dipoles

MFB: W. Meyer, L. Frommhold, and G. Birnbaum, Phys. Rev. A 39, 2434-2448 (1989).

MBF: W. Meyer, A. Borysow, and L. Frommhold, Phys. Rev. A 40, 6931-6949 (1989).

FZB: Y. Fu, C. G. Zheng, and A. Borysow, J. Quant. Spectrosc. Rad. Transfer, 67, 303-321 (2000).
This work: Nathan Jansen, Hua-Kuang Lee, X. Li, A. Mandal, E. Miliordos, and K. L. C. Hunt



Spherical Tensor Analysis for the H, - - - H, dipole

Tensor components of the dipole are expressed in terms of the spherical
harmonics of the orientation angles for the bond axes and the intermolecular
vector

A“M(rAi I, R) H (475)3/2 3_1/2 z D?LA?\,BAL(rA’ B, R)
XN Amal ) Yo e (Q°) Y1 y_m(QF)
X(kAKBmAmB | Am><ALm M-m | 1 M>

Summation runs over A, Ag, A, L, myand mg



Spectroscopic implications

x<7\~A}LBmAmB | Am><ALm M—m | 1 M>

If the potential is isotropic, then
Coefficients D, o5 produce transitions with AJ* =+, and AJ® =0

Coefficients Doy 4. produce transitions with AJ* =0 and AJ® =+ Ag
Coefficients D, AL With A, = 0 and Ag # 0 produce simultaneous transitions with

AJA =12, and AJB = £ )g
Higher AJ values produce absorption in the farther wings of the spectrum

Anisotropies of the potential combine with the angular momentum indices on the
dipole coefficients to produce transitions with additional AJ values



Collision-induced absorption by N, - - - N, at 78 K

— Total
—2023+0223
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T. Karman, E. Miliordos, K. L. C. Hunt, G. Groenenboom, and A. van der Avoird,
J. Chem. Phys. 142, 084306 (2015).



Comparison of results for D,,5 from various fits

Results for D,(,5 from
nine different fits, with
various numbers of
dipole coefficients




Comparison of results for D,j,3 With long-range forms

— Quadrupole-induced dipole
— Full long-range dipole
o ab initio results




Comparison of results for D,,353 from various fits

Results for D,,35 from
nine different fits, with
various numbers of
dipole coefficients




Comparison of results for D,,,53 With long-range forms

— Quadrupole-induced dipole
Full long-range dipole
e ab initio results

R (a.u.)




Comparison of results for D,y,45 from various fits

Results for D45 from
nine different fits, with
various numbers of
dipole coefficients




Comparison of results for D,y,45 With long-range form

1400} .
1200} - — Hexadecapole-induced dipole

ab initio results

D4o4s 1000
x 106 800
(a.u.) 600

400




Comparison of results for D,,,5 from various fits

Results for D45 from six
different fits, with various
numbers of dipole
coefficients




Comparison of results for D,,,45 With long-range form

— Full long-range form
---- Hexadecapole only
« - « Fits to ab initio results




Hydrogen molecule potential and vibrational energy levels
Vibrational levels from J. D. Poll and G. Karl, Can. J. Phys. 44, 1467 (1966).

Green arrows indicate the
range of R forv=8. We
have covered R = 0.942 to
2.801.




Exploration of contributions to the force from all orbitals and analysis
of exchange effects: In progress
Desirability of adopting a Slater basis?
Difference between the charge density in the 1s state of the
H atom and the representation with [9/6] Gaussian s functions

004 {

Rp— 0.000 |'|"J§_

=0.00002

0 nnum}% < 33
nluulML\{/ .




Collision-induced three-body polarizability of helium
Jakub Lang, Michat Przybytek, Michat Lesiuk, and Bogumit Jeziorski
https://doi.org/10.1063/5.0137879

Coupled-cluster and full Cl calculations of the three-body polarizability of
helium, used to determine the third dielectric virial coefficient

Comparison with experimental data and with Path Integral Monte Carlo
calculations by Giovanni Garberoglio, Allan H. Harvey, and Bogumit Jeziorski

Important result for quantum metrology, eliminates the main accuracy
limitation in the optical pressure standard

“tanguam ex ungue lionem,” Johann Bernoulli about Isaac Newton


https://doi.org/10.1063/5.0137879
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